Theoretical molecular structures of the complexes [PdCl 2 (HmPz) 2 ] (1) and [PdCl 2 (HIPz) 2 ] (2) (HmPz = 4-methylpyrazole; HIPz = 4-iodopyrazole) were studied using B3LYP/DFT method. The new complex 2 and the complex 1 were synthesized and characterized by elemental analysis and IR spectroscopy. The calculated bond distances and angles showed that both compounds exhibited a slightly distorted square planar coordination environment around the palladium center. The theoretical IR spectra of C s symmetry (electronic state 1A') of the complexes agree well with the experimental data.
Introduction
N-unsubstituted pyrazolyl-type ligands have been widely employed in coordination and metallosupramolecular chemistry since they possess two chemically distinct nitrogen atoms, one pyrrolic and one pyridinic N atoms, which are very useful for coordination and hydrogen bonding interactions, respectively. 1, 2 Under the crystal engineering point of view, ligands of this type are of interest because their mononuclear metal-based derivatives can be used as molecular building blocks for the rational design of new hydrogen bonded metallosupramolecular species. 3 Furthermore, palladium complexes attract attention due to the biological proprieties. [4] [5] [6] [7] A great variety of palladium complexes already exhibit significant cytotoxicity, in most cases surpasses the activity of platinum analogs. 8 The palladium(II) compounds containing pyrazole as ligands have been studied by Keter and it has been confirmed in vitro that these compounds cause apoptosis of cancer cells of human and ovarian fibroma of hamster. 9 In addition, our previous studies have been showed the capacity of palladium complexes to bind to DNA. These compounds affect the DNA structure and cause a low electrophoretic mobility. 10 Previous investigations in our laboratory have been devoted to the study of the molecular self-assembly via hydrogen bonds of pyrazolyl metal complexes of general formulae [MX 2 (HPz) 4 ] (M = Co(II), Ni(II); X = N 3 , SCN; HPz = pyrazole), 11 [PdX 2 (HdmPz) 2 ] (X = N 3 , SCN; HdmPz = 3,5-dimethylpyrazole), 12 and [Cd(μ-X) 2 (HPz) 2 ] n (X = Cl, SCN). 13 Particularly, we are interested in acquiring more information about the building blocks [PdCl 2 L 2 ] (L = 4-substituted pyrazoles) since the reaction of these compounds with azide ion gives rise to unusual coordination polymers instead of hydrogen-bonded supramolecular arrays. 14, 15 As a part of our ongoing studies involving DFT calculations for metal-based compounds, 16 we describe herein the synthesis and spectroscopic characterization of the two molecular building blocks dichlorobis(4-methylpyrazole)palladium(II) (1) and dichlorobis(4-iodopyrazole)palladium(II) (2) together with the results of DFT calculations via B3LYP method. The geometry of the complexes 1 and 2 were optimized and their theoretical IR spectra were discussed based on the experimental data.
Experimental

1. Materials and Methods
The reagents were employed without further purification and the solvents were dried by usual procedures. Elemental analysis was performed on an analyzer CE Instrument model EA 1110-CHNS-O. The IR data were recorded on a Nicolet FT-400 spectrophotometer in the range from 4000 to 400 cm -1 at a resolution of 4 cm -1 in KBr pellets. The synthesis of dichloro(4-methylpyrazole)palladium(II) (1) was realized as described in the literature. 17 Synthesis of dichloro(4-iodopyrazole)palladium(II) (2) 
Computational Strategy
In this work, the employed quantum chemical approach to determining the molecular structures was Becke three-parameter hybrid method 18 using the Lee-Yang-Par (LYP) correlation functional 19 and the basis sets used for calculations were: [4s] for H ( 2 S), 19 [5s4p] for C ( 3 P) and N ( 4 S), 20 [11s7p] for Cl ( 2 P), 21 [16s9p5d] for I ( 2 P), 22 and [12s8p5d] for Pd ( 1 S). 20 In order to better describe the properties of 1 and 2 in the implementation of the calculations, it was necessary to include polarization functions for all atoms of the compounds. The strategy to choice of the polarization functions was previously described. 20 The polarization functions are: α p = 0.33353749 for H ( 2 S), α d = 0.72760279 and α d = 0.35416230 for C ( 3 P) and N ( 4 S), respectively, and α f = 0.14057699 for Pd ( 1 S) atoms. 20 For Cl atom ( 2 P), the polarization function to the basis set previously reported 19 is α d = 0.47236655. The polarization function for I atom ( 2 P) reported in this work is α f = 0.51068618. 22 For the complexes 1 and 2 a constraint of C s symmetry (electronic state 1 A') was added to the geometry optimization as condition.
The performed molecular calculations in this work were done using the Gaussian 03 routine. 23 The computational strategy used in this work has already been used successfully in previous studies on coordination compound and organic molecules. 16, 20, 21 
Results and Discussion
Compounds of general formulae [PdX 2 L 2 ] (X = halides and pseudohalides; L = pyrazolyl type ligands) have attracted considerable interest since they are able to selfassembly in interesting hydrogen-bonded supramolecular species during the crystallization. Since single crystals suitable for crystallographic studies of 1 and 2 could not be grown, we undertook a computed geometry optimization using the optimized algorithm of Berny. 24 The calculated molecular structures of 1 and 2 are illustrated in Figure 1.
According to our calculations, in the calculated molecular structures of 1 and 2, the palladium atom lies in a square planar coordination environment made by two chloro ligand and two nitrogen atoms from the pyrazolyl ligand (N1 and N3), in a trans relationship. The four donor atoms in 1 and 2 are coplanar. A selection of calculated bond lengths and angles is shown in Table 1 .
The calculated structures for 1 and 2 show a satisfactory agreement with the available crystal structure data of similar compounds of the type [PdCl 2 L 2 ] (L = pyrazolyl ligands), mainly in terms of bond angles. The calculated Pd-N bond lengths in 1 and 2 are ca. 0.05 Å longer than those found for analogous compounds. 12, 26 To achieve a more accurate assignment of the vibrational spectra obtained for the palladium(II) compounds 1 and 2, we have initially undertaken the study of the experimental and computed vibrational spectra FT-IR of the ligands 4-methylpyrazole (HmPz) and 4-iodopyrazole (HIPz) (Figures 2-3 ). Despite the fact that experimental IR and Raman spectra of HmPz and HIPz have been tentatively assigned by Vos and Groeneveld, 27, 28 there are no reports for these ligands dealing with the IR spectra calculated from DFT study. Theoretical infrared spectra of HmPz and HIPz were calculated using a harmonic field 29 based on C 1 symmetry (electronic state 1 A). Table 2 description of vibrational modes are presented. The calculations of vibrational frequencies were also employed to determine whether optimized geometry constitutes minimum or saddle points. The principal infrared-active fundamental modes assignments and descriptions were done by the GaussView W 4.1.2 graphics routine. 
1. N-H and C-H Vibrations
The two experimental spectra of the HmPz and HIPz ligands (Figs. 2(a) and 3(a) , respectively) show a very broadened and intense NH···N association bands over the 3600-2500 cm -1 range. The theoretical calculations predict that the N-H stretches should occur as single peaks at 3389 and 3396 cm -1 (Figs. 2(b) and 3(b), respectively). Two C-H stretching modes are expected for HmPz (3114 and 3101 cm -1 ) and HIPz (3145 and 3135 cm -1 ). Nevertheless, the broad range of the NH···N bands covers the C-H stretching absorptions, preventing the comparison between the experimental and theoretical values.
In the calculated IR spectrum of HmPz, the bands at 1245 and 1137 cm -1 are assigned to an in-plane N-H ben- ) are in good agreement with those experimentally found (Tables 2 and 3) . The out-of-plane N-H bending mode appears at 644 cm -1 and 220 cm -1 in the calculated IR spectrum of HmPz. Vos and Groeneveld 28 attributed the band at 650 cm -1 , observed in the experimental spectrum of HmPz, to C-CH 3 stretching and ring vibrations. The δ o.p N-H vibration gives a band at 607 cm -1 in the measured IR spectrum of HIPz which agrees well with that observed in its calculated spectrum at 649 cm -1 . The N-H and C-H vibrations of compounds 1 and 2 correlate well with the IR data of transition metal complexes bearing pyrazole derivatives literature data. 31 In the experimental IR spectra of the complexes 1 and 2 (Figs. 4(a) and 5(a), respectively), it is observed two peaks of different intensities in the spectral range of 3325-3134 cm -1 , which belong to the C-H stretching mode with considerable νN-H content. The bands appearing in the 1246-1124 cm -1 range in both experimental spectra are due to in-plane C-H bending (δ i. 
2. CH 3 Vibrations
Three fundamental νCH 3 absorptions related to one symmetric and two asymmetric vibrations are usually observed in the region between 2950 and 2990 cm -1 . 32 Our calculations predict these modes for HmPz at 2951 (ν as CH 3 ), 2887 (ν as CH 3 ) and 2927 cm -1 (ν s CH 3 ). However, the presence of a broad and intense band in the 3600-2700 cm -1 region of the experimental IR spectrum of HmPz has prevented us to make some comparisons with the experimental values. For compound 1, the calculated modes 2960 (ν as CH 3 ), 2895 (ν as CH 3 ) and 2942 cm -1 (ν s CH 3 ) agree very well with the experimental values observed at 2956, 2869 and 2925 cm -1 , respectively.
The bending vibrational modes of the methyl groups are expected to appear between at 1410 and 1550 cm -1 .
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The two bands located at 1497 and 1460 cm -1 in the experimental IR spectrum of HmPz involve the vibrations arising from methyl H-C-H bends, δ as CH 3 . This is in agreement with the earlier study of Vos and Groeneveld. 33 The peak at 1387 cm -1 , which was previously assigned to ring vibrations, 28 is a mixture of the δ s CH 3 (umbrella) and νCN modes. In the experimental IR spectrum of complex 1, the bands associated with the bending modes of methyl groups appear at 1483 and 1394 cm -1 , which are in accordance with the calculated values at 1490 and 1407 cm -1 , respectively.
C-I Vibrations
According to the data available in the literature, 34, 35 there appears to be no pure C-I stretching vibration band for iodo-aryl compounds due to its coupling with ring vibration. The position of C-I band is strongly dependent on many factors, such as the type of the ring, the mass and relative position of their substituents. Therefore, the assignment and comparison of C-I stretching vibrations in the IR spectra of aromatic compounds remains a difficult task since only a restricted number of iodo-aromatic compounds have been investigated. In addition, the description on the νCI frequencies remains at least contradictory in some reports. For instance, in the spectra of p-substituted iodobenzenes (R = OH, Me, COOMe), 36 the νCI frequencies occur within the spectral range of 1060-1055 cm -1 whereas the νCI appears at 454 cm -1 for p-iodonitrobenzene. 37 PM3 calculations on 5-iodo-2'-deoxyuridine performed by Bailey et al. 38 indicated that C-I stretching vibration found at 554 cm -1 agrees well with the experimental value. In the FT-IR spectrum of 2-amino-5-iodopyridine, Sundaraganesan et al. 39 assigned the strong absorption at 514 cm -1 to C-I stretching vibration. However, their theoretical calculations predicted the νCI vibration at 228 cm -1 . Vos and Groeneveld 27 assigned the C-I stretching vibration in the IR spectrum of 4-iodopyrazole to the band at 321 cm -1 . Our calculations predict this mode at 899 cm -1 which shows a good agreement with the experimental value of 935 cm -1 . It is also expected an absorption of low intensity at 308 cm -1 which could not be detected in the experimental IR spectrum of HIPz. For compound 2, the calculated frequency of 903 cm -1 agrees very well with the experimental values observed at 941 cm -1 .
4. CC, CN and ring Vibrations
According to literature, pyrazole nucleus possesses several absorptions of variable intensities in the range of 1530-1013 cm -1 due to CC, CN and ring stretching motions. 40 The identification of νCN and νCC stretching frequencies is a very difficult task, since the mixing of bands is very common in this region.
In the experimental IR spectrum of HmPz [ Fig.  2(a) ], the band located at 1578 cm -1 involves the vibrations arising from C2-C3 stretching. The absorption associated with the asymmetric stretching mode of the C2-C1 and C2-C3 bonds is predicted to occur at 1379 cm -1 , which agrees well with the experimental value of 1381 cm -1 . The major contributions to the experimental band at 1342 cm -1 are symmetric stretching mode of the C3-N1
and C1-N2 bonds together with C-CH 3 stretching motion. The peak at 1051 cm -1 in the experimental IR spectrum of HmPz, which was previously assigned to in-plane C-H and methyl bending modes, 28 is due to the C1-N2 stretching vibration.
The band at 1450 cm -1 observed in the FT-IR spectrum of [PdCl 2 (HmPz) 2 ] (1) arises from C-N stretches and compares well with the calculated value of 1443 cm -1 . In addition, we find that the experimental band at 1355 cm -1 is a combination of νCC and methyl bends, with its neighbor at 1292 cm -1 arising from C-N stretching motion with contributions from methyl bends.
With regard to the FT-IR spectrum of HIPz (Fig. 3) , the C-C stretching bands appear at 1533 and 1363 cm -1 whereas the absorptions at 1423, 1263, 1140, and 1032 cm -1 arise from C-N stretches only. These experimental IR bands show good agreement with those predicted by our calculations (Table 3 ).
In the experimental IR spectrum of [PdCl 2 (HIPz) 2 ] (2) [ Fig. 5(a) ], a mixture of C-C and C-N stretching motions contributes to the band at 1512 cm -1 whereas the absorptions at 1462 and 1381 cm -1 arises from C-N and C-C stretching vibrational modes, respectively. The next band, at 1344 cm -1 , is a combination of νCN and δ i.p. C-H.
Our calculations predict the N-N stretching vibrational mode for HmPz and HIPz at 939 and 933 cm -1 , respectively. These calculated frequencies compare well with those observed in their FTIR spectra (HmPz, 949 cm -1 ; HIPz, 935 cm -1 ). Our theoretical νNN frequencies are significantly lower than that found in the calculated IR spectrum of 3,5-dimethylpyrazole (1125 cm -1 ). 41 Regarding the FT-IR spectra of [PdCl 2 (HmPz) 2 ] (1) and [PdCl 2 (HIPz) 2 ] (2), a combination of νNN and δ i.p. C-H motions contributes for the band at 1076 cm -1 (1) and 1061 cm -1 (2) . Taking into account both experimental and theoretical spectra it can be concluded that positions of the peaks representing the νNN mode occurring within the pyrazolyl-type ligand differ significantly from these for a free molecule and for molecules involved in the complex. The νNN band shifts up to 127 cm -1 towards greater wave numbers upon complexation. The blue-shift of the νNN frequencies found in the spectra of 1 and 2 may be attributed to the increase of the NN bond force constant and bond order in the complex relatively to the free pyrazolyl molecules.
The ring stretching motions frequencies in HmPz, HIPz, 1 and 2 are predicted to occur below 1000 cm -1 . The experimental IR absorption positioned at 1001 cm -1 in the spectrum of HmPz involve the vibrations arising from ring breathing with a contribution from methyl H-C-H bends whereas the peak at 870 cm -1 , observed in the experimental IR spectrum of HIPz, is associated with in-plane ring stretching vibration. Such IR bands are localized at wavenumbers comparable to those predicted by our calculations at 984 cm -1 (HmPz) and 859 cm -1 (HIPz). For complex 1, the experimental bands at 974 and 576 cm -1 are due to in-plane ring stretching and outof-plane ring bending vibrations, respectively. The peak associated with the out-of-plane ring bending vibration in the experimental IR spectrum of complex 2 appear at 579 cm -1 , which is in accordance with the calculated value at 592 cm -1 .
5. Pd-N and Pd-Cl Vibrations
According to Nakamoto, 42 terminal M-Cl stretching bands are expected to occur in the region of 300-200 cm -1 . Particularly, the νPd-Cl absorption observed in the experimental IR spectra of square-planar Pd(II) compounds falls between 360 and 300 cm -1 . Theoretical studies on K 2 PdCl 4 performed by Zhang et al. 43 indicated that Pd-Cl stretching vibration found at 292 cm -1 agrees well with the experimental value (336 cm -1 ). Our calculations predict the Pd-Cl stretching vibrational mode for 1 and 2 at 307 and 368 cm -1 , respectively. These calculated frequencies compare well with those observed in their FT-IR spectra (1, 302 cm -1 ; 2, 366 cm -1 ), which is depicted in Figure 6 . These experimental values are similar to those found in trans-[PdCl 2 L 2 ] where L = diethylsulphide (358 cm -1 ), 41 triethylphosphine (355 cm -1 ), 42 pyridine (350 cm -1 ), 44 2-thiophenecarboxylic hydrazide (341 cm -1 ).
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The Pd-N stretching and in-plane bending vibrational modes for compound 1 are predicted to occur at 266 and 202 cm -1 , respectively. For complex 2, a combination of δ i.p. Pd-N and νPd-Cl motions contributes for the theoretical band at 276 cm -1 whereas the theoretically predicted absorption at 248 cm -1 is a mixture νPd-N and δ i.p. Pd-Cl vibrations. 
Conclusions
The optimized molecular structures and vibrational frequencies of 4-methylpyrazole, 4-iodopyrazole, [PdCl 2 (HmPz) 2 ] (1) and [PdCl 2 (HIPz) 2 ] (2) were calculated using DFT (B3LYP) theory. The theoretical bond angles of 1 and 2 reveal a slightly distorted square-planar geometry around the metallic center. According to the vibrational frequencies analysis of B3LYP results for HmPz and HIPz (C 1 symmetry, electronic estate 1 A), and for the metal-based compounds 1 and 2 (C s symmetry, electronic state 1 A'), the calculated and experimental FT-IR spectra showed a satisfactory agreement with each other. Our theoretical methodology used in this work represents a good choice for future calculations on vibrational frequencies of organic and metal-based compounds.
